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HIGHLIGHTS 


•  Four  types  of  polymers  are  adopted  as  binders  for  spinel  LMO  electrodes. 

•  Binder  film  on  the  surface  of  LMO  plays  a  role  of  passivation  layer  for  Mn  dissolution. 

•  PAN-LMO  electrodes  exhibit  superior  rate  capability,  thermal  stability,  and  low  Mn  dissolution. 

•  PAN  is  revealed  to  be  an  outstanding  binder  for  LMO,  compared  to  PVdF  and  other  binders. 
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Effects  of  polymeric  binders  on  both  the  dissolution  of  manganese  (Mn)  and  electrochemical  properties 
of  spinel  LiMn204  (LMO)  electrodes  are  investigated  in  detail.  Three  promising  polymers,  polyvinyl 
alcohol  (PVA),  polyacrylic  acid  (PAA),  and  polyacrylonitrile  (PAN)  are  chosen  as  binders  for  the  LMO 
electrodes  and  compared  to  currently  popular  polyvinylidene  fluoride  (PVdF).  For  LMO  electrodes 
fabricated  with  the  selected  binders,  physicochemical  properties  including  surface  coverage,  adhesion 
strength,  and  electrolyte  uptake  are  examined.  Also,  electrochemical  performance  factors  such  as  Mn 
dissolution  behavior,  rate  capability,  cycle  performance,  and  thermal  stability  are  investigated.  PAN  is 
revealed  to  be  an  outstanding  binder  for  LMO  electrodes  based  on  its  excellent  rate  capability,  superior 
cycle  performance,  and  high  thermal  stability  when  compared  to  the  other  three  binders.  This  can  be 
ascribed  to  an  appropriate  amount  of  electrolyte  uptake  and  low  impedance  of  the  PAN  despite  the 
relatively  large  surface  coverage  of  the  LMO  that  leads  to  lower  Mn  dissolution. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  its  superior  electrochemical  performance,  low  cost,  and 
environmental  inertness,  spinel  LiMn204  (LMO)  is  considered  a 
promising  cathode  material  for  lithium  ion  batteries  (LIBs),  espe¬ 
cially  for  large  scale  applications  such  as  electric  vehicles  and  en¬ 
ergy  storage  systems  [1,2]  The  poor  thermal  stability  of  LMO, 
however,  mainly  due  to  manganese  (Mn)  dissolution  at  elevated 
temperatures,  has  hampered  its  progress  in  new  applications 
[3-12  .  It  is  generally  known  that  Mn  dissolution  is  associated  with 
a  disproportionation  reaction  which  liberates  soluble  Mn2+  into 
electrolyte: 
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Mn3+(electrode)  ->  Mn4+(electrode)  +  Mn2+(electrolyte)  [2-9]. 
Then,  the  dissolved  Mn2+  moves  to  the  anode  and  exacerbates 
degradation  of  the  anode/electrolyte  interface,  which  is  revealed  to 
be  a  key  failure  mechanism  of  LMO-based  LIBs  at  elevated  tem¬ 
perature  [9-12]. 

So  far,  extensive  studies  have  been  devoted  to  suppress  Mn 
dissolution,  and  thus  to  improve  long-term  stability  of  LMO.  Most 
of  the  attempts  have  been  made  to  modify  the  LMO  itself  in  order  to 
enhance  its  structural  stability,  13-15]  or  to  develop  functional 
electrolyte  additives  to  stifle  Mn  dissolution  from  LMO  or  subse¬ 
quent  Mn  deposition  on  the  anode  16-21  .  In  contrast,  minimal 
attention  has  been  paid  to  the  inactive  components  of  LIB  elec¬ 
trodes:  polymeric  binders  and  conductive  carbons  [22-25  . 

In  particular,  the  crucial  role  of  polymeric  binders  in  LIB  per¬ 
formance  has  been  recently  highlighted  [26-31  .  The  polymeric 
binder  provides  integrity  within  the  LIB  composite  electrode  by 
promoting  adhesion  among  the  particles  of  active  materials  and 
between  active  materials  and  the  current  collector.  Currently,  only 
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two  types  of  binder  systems  are  being  widely  adopted  in  the  LIB 
industry:  polyvinylidene  fluoride  (PVdF)  dissolved  in  N-methyl-2- 
pyrrolidone  (NMP)  and  carboxymethyl  cellulose  (CMC)  combined 
with  styrene-butadiene  rubber  (SBR)  emulsified  in  water  [32-36]. 
Besides  these  polymers,  a  variety  of  polymers  have  been  recently 
investigated  as  potential  binders  for  LIB  electrodes  such  as  poly¬ 
vinyl  alcohol  (PVA),  polyacrylic  acid  (PAA),  polyacrylonitrile  (PAN), 
polyimide  (PI),  and  polysaccharide  [28-31,37,38  .  Such  binders 
gained  attention  not  only  due  to  their  novel  binding  modes,  but 
also  due  to  their  additional  properties  such  as  artificial  surface 
passivation  for  irreversible  reactions  and  mechanical  buffer  effect 
for  volume  change  accompanying  LIB  operation. 

PVA  binder  containing  numerous  hydroxyl  groups  in  its  polymer 
chain  makes  strong  hydrogen  bonds  with  active  materials  and  the 
current  collector,  which  is  favorable  for  decreasing  volumetric 
change  and  preventing  excessive  electrolyte  uptake  [30  .  PAA 
binder,  the  most  frequently  studied  polymer  in  recent  years 
[28,37,39-42],  has  been  reported  to  serve  as  an  artificial  SEI  layer 
on  the  surface  of  active  materials.  In  addition,  PAA  binder  was 
claimed  to  be  able  to  maintain  the  electric  network  of  the  SiO  anode 
during  cycles,  resulting  in  improved  cyclic  performance  [29].  PAN 
binder  containing  a  strongly  polar  nitrile  group  was  also  demon¬ 
strated  to  be  an  efficient  binder  for  various  LIB  anodes  such  as 
graphite,  silicon/graphite  and  lithium  titanium  oxide  [31  . 

Such  studies  on  binders  have  mainly  focused  on  LIB  anodes. 
Much  less  attention  has  been  paid  to  the  cathode  side.  Although 
some  recent  reports  claimed  that  cellulose-based  polymers  and 
ionomer  binders  improved  cyclic  performance  and  rate  capability 
of  LMO  cathodes  due  to  their  better  structural  stability,  stronger 
binding  ability  and  smaller  resistance  [22,23,43,44  ,  systematic 
comparison  between  various  binders  regarding  electrochemical 
properties  of  LMO  electrodes  is  still  absent.  In  this  study,  three 
promising  polymers,  PVA,  PAA,  and  PAN  as  binders  for  LMO  elec¬ 
trodes  are  compared  with  the  currently  most  popular  PVdF  binder. 
For  LMO  electrodes  fabricated  with  the  selected  binders,  funda¬ 
mental  properties  including  surface  coverage,  adhesion  strength, 
and  electrolyte  uptake  were  examined.  Then,  the  Mn  dissolution 
behavior  and  electrochemical  performances  of  the  LMO  electrodes 
were  investigated. 

2.  Experimental 

Three  commercially  available  polymers  were  used  as  binders; 
PVdF  (KF9130,  Kureha),  PAN  (Mw  =  150,000,  Aldrich),  and  PAA 
(Mw  =  3,000,000,  Aldrich).  Meanwhile  high  molecular  weight  PVA 
with  94%  degree  of  saponification  (the  number  of  hydroxyl  groups 
in  100  vinyl  units  of  PVA),  which  showed  excellent  binding  prop¬ 
erties,  was  synthesized  using  the  procedure  described  in  our  pre¬ 
vious  study  [30].  Their  chemical  structures  are  shown  in  Fig.  1. 

Cathode  slurry  was  prepared  by  combining  92  wt.%  LMO 
(commercial  grade,  Posco  ESM)  with  3  wt.%  Super-p  as  a  conductive 
material  and  5  wt.%  binder  in  n-methyl-2-pyrrolidone  solvent. 
Dimethyl  sulfoxide  was  used  as  a  solvent  for  PVA  binder.  The  slurry 
was  mixed  by  a  ball  mill  (Pulverisette  7,  Fritsch)  with  two  10  mm 
zirconia  beads  in  a  45  ml  zirconia  jar.  It  was  programmed  to 
repeatedly  rotate  in  both  directions  8  times  with  the  rotational 
speed  of  380  rpm.  Each  rotation  was  performed  for  8  min  so  that 


Fig.  1.  Chemical  structures  of  the  polymers  used  as  binders:  (a)  PAA,  (b)  PAN,  (c)  PVA, 
and  (d)  PVdF. 


total  mixing  time  was  approximately  1  h.  The  resultant  was  coated 
on  aluminum  foil,  and  finally  dried  in  a  convection  oven  at  130  °C 
for  20  min  followed  by  vacuum  drying  at  80  °C  overnight.  The 
loading  of  the  composite  electrodes  was  10.8  mg  ±  0.3  mg  cm-2. 

The  graphite  electrode  was  fabricated  by  coating  a  mixture  of 
natural  graphite  (DAG-87,  Sodiff),  1.5  wt.%  SBR  and  1  wt.%  CMC 
binder  on  copper  foil  (10  pm).  As  an  electrolyte,  1  M  LiPF6  in 
ethylene  carbonate  (EC)  and  ethyl  methyl  carbonate  (EMC)  (3/7  v/v, 
LG  Chem)  was  used  throughout  this  study. 

To  examine  the  Mn  dissolution  behavior,  one  piece  of  the  LMO 
electrode  (14  mm  diameter)  was  stored  in  a  PTFE  bottle  with  4  ml  of 
the  electrolyte  at  60  °C  for  7  days.  To  avoid  possible  errors  due  to 
leakage  during  storage,  the  weights  of  the  closed  PTFE  bottles 
before  and  after  the  storage  were  checked,  and  the  subsequent 
analysis  was  performed  only  when  the  weight  loss  was  negligible. 
To  determine  the  dissolved  Mn2+  concentration,  0.5  ml  of  electro¬ 
lyte  was  sampled  and  diluted  with  distilled  water  by  a  factor  of  10, 
and  then  the  diluted  solution  was  analyzed  by  atomic  absorption 
spectroscopy  (AA-7000,  Shimadzu).  Simultaneously,  water  and  HF 
contents  were  analyzed  by  Karl  Fisher  (831  KF  coulometer,  Met- 
rohm)  and  acid-base  titration  methods  (848  Titrino  plus,  Met- 
rohm),  respectively. 

For  electrochemical  tests,  2016  or  2032-type  coin  cells 
employing  the  LMO  cathode  containing  each  binder  and  a  Li-metal 
or  graphite  anode  with  a  polyethylene  separator  (20  pm,  Tonen) 
were  assembled  in  an  Ar-filled  glove  box.  All  the  cells  were  cycled 
initially  at  25  °C  over  a  3.0-4.3  V  range  three  times  with  0.2C 
(1C  =  93.4  mAh  g-1)  constant  current  (CC)  charging  followed  by 
4.3  V  constant  voltage  (CV)  charging  and  0.2C  CC  discharging  to 
complete  the  formation  process.  Rate  capability  testing  was  carried 
out  for  LMO/Li  cells  with  0.2C  CC/CV  charging  and  various  CC  dis¬ 
charging  over  3.0-4.3  V  at  25  °C.  Cycle  tests  were  performed  for 
LMO/graphite  cells  with  0.5C  CC/CV  and  0.5C  CC  over  3.0-4.3  V, 
both  at  25  °C  and  60  °C.  Electrochemical  impedance  spectra  (EIS) 
were  obtained  for  fully  discharged  LMO/Li  cells  before  and  after 
24  h  storage  at  60  °C.  All  the  measurements  were  performed  at 
room  temperature  using  a  potentiostat  (Biologic  VSP)  with  a  built- 
in  EIS  analyzer.  The  frequency  range  was  100  kHz  to  10  mHz,  the  ac 
amplitude  was  5  mV,  and  the  dc  bias  voltage  was  3.8  V. 

The  adhesion  strength  and  surface  elements  of  the  LMO  elec¬ 
trodes  were  determined  at  180  peel  strength  measured  using  a 
texture  analyzer  (TA-PLUS,  Lloyd),  and  by  X-ray  photoelectron 
spectroscopy  (ESCALAB  250,  Thermo  Fisher  Sci.)  using  an  Al  Ka  X- 
ray  source  scanning  from  0  to  1200  eV,  respectively.  The  electrolyte 
uptake  of  the  binder  films  was  measured  in  order  to  compare  the 
electrolyte  wettability  of  the  binder.  The  pristine  binder  films 
(approximately  20  pm)  were  soaked  in  electrolyte  for  48  h  and  the 
change  in  weight  before  and  after  soaking  was  measured  as  the 
amount  of  electrolyte  uptake. 

3.  Results  and  discussions 

3.2.  Effects  of  binders  on  Mn  dissolution  of  LMO  electrodes 

First  of  all,  the  effect  of  polymeric  binder  on  Mn  dissolution  was 
investigated  by  measuring  the  amount  of  Mn  dissolved  from  the 
LMO  electrodes  prepared  with  the  four  types  of  binders  (hereafter 
called  PAA-,  PAN-,  PVA-,  PVdF-LMO,  respectively).  The  electrodes 
were  stored  in  an  electrolyte  solution  at  60  °C  for  7  days  and  the 
dissolved  amounts  of  Mn2+  including  H2O  and  HF  in  the  electrolyte 
were  measured  and  listed  in  able  1. 

It  is  noted  that  PAN-  and  PVA-LMO  exhibit  relatively  lower 
amounts  of  Mn  dissolution  than  PAA-  and  PVdF-LMO.  The  amount  of 
Mn  dissolution  is  in  the  following  order:  PVA  <  PAN  <  PAA  <  PVdF. 
While  the  variation  in  the  water  content  is  negligible,  the  HF 
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Table  1 

The  amounts  of  H20,  HF,  and  Mn2+  dissolved  from  LMO  electrodes  fabricated  with 
four  different  binders.  The  electrodes  were  stored  with  electrolyte  at  60  °C  for  7 
days. 


Binder 

[H20]  (ppm) 

[HF]  (ppm) 

[Mn2+]  (ppm) 

PAA 

9.8 

94.79 

3.43 

PAN 

8.5 

39.57 

1.14 

PVA 

6.3 

211.20 

0.72 

PVdF 

7.5 

112.00 

3.58 

concentration  is  in  the  following  order:  PAN  <  PAA  <  PVdF  <  PVA. 
Except  PVA,  Mn  dissolution  is  found  to  be  proportional  to  HF  content 
for  the  other  three  binders,  which  is  consistent  with  HF-catalyzed 
Mn  dissolution  behavior  [6-9  .  Therefore,  the  suppressed  Mn 
dissolution  in  PAN-LMO  can  partly  be  ascribed  to  the  low  HF  content. 
The  minimum  Mn  dissolution  in  PVA-LMO,  however,  is  in  contrast  to 
its  highest  HF  content.  The  high  HF  content  in  PVA-LMO  is  supposed 
to  be  due  to  its  large  amount  of  water  absorption,  probably  due  to  the 
number  of  hydroxyl  groups  in  the  PVA  backbone  (Fig.  lc)  [45  .  The 
water  held  within  the  PVA-LMO  seems  to  be  dissolved  out  into  the 
electrolyte  during  the  60  °C  long-term  storage  and  converted  to  HF 
through  a  hydrolysis  reaction  with  LiPF6  [46-48]. 

Besides  the  HF  effect,  a  recent  study  highlighted  the  important 
role  of  chemical  interaction  between  the  functional  groups  in  the 
binder  and  Mn2+  ions  in  preventing  Mn  dissolution  [22].  It  was 
claimed  that  numerous  carboxyl  and  hydroxyl  groups  in  the  algi¬ 
nate  binder  strongly  interacted  with  the  Mn2+  ions  by  the  egg-box 
model  [49-51]  and  trapped  them  within  the  polymeric  chain. 
Consequently,  the  alginate  binder  was  more  effective  in  reducing 
Mn  dissolution  than  the  conventional  PVdF  binder.  Similarly,  PVA 
and  PAN  binders  containing  polar  hydroxyl  and  nitrile  groups, 
respectively,  may  hamper  Mn2+  ion  transport  through  them.  Un¬ 
fortunately,  the  assumption  fails  to  explain  why  PAA-LMO  exhibits 
relatively  high  Mn  dissolution,  although  PAA  also  consists  of  highly 
polar  carboxyl  groups  that  can  form  strong  electrostatic  in¬ 
teractions  with  Mn2+  ions. 

In  brief,  these  results  indicate  that  other  aspects  besides  HF 
content  and  chemical  interaction  with  Mn2+  ions  should  be  also 
considered  to  fully  understand  the  binder  effects  on  Mn  dissolution 
behavior  of  LMO  electrodes. 

3.2.  Binder  coverage  on  LMO  surface 

In  general,  polymer  binders  are  inhomogeneously  distributed 
on  the  surface  of  active  materials  due  to  inhomogeneous  existence 
of  polar  dangle  bonds,  which  can  attract  polar  groups  of  the 
binders.  Yoo  et  al.  [52]  indicated  that  approximately  50%  of  PVdF 
was  placed  at  the  edge  of  graphite  particles.  The  remaining  parts  of 
binder  covered  some  portion  of  the  surface  of  the  active  materials. 
It  was  also  claimed  that  a  maximum  of  40%  of  the  graphite  surface 
was  discretely  covered  by  PVdF  binder,  whereas  the  rest  of  the 
surface  was  directly  exposed  to  electrolyte.  Similarly,  our  previous 
XPS  results  [30,31  indicated  that  the  surface  coverage  by  polymer 
binders  was  in  the  range  of  18-50%  depending  on  the  type  of 
binders  and  active  materials.  The  binders  that  form  strong  in¬ 
teractions  with  active  materials  such  as  PVA  and  PAN  are  expected 
to  cover  a  larger  portion  of  the  surfaces  of  the  active  materials  than 
conventional  PVdF  did.  Such  a  difference  in  the  surface  coverage  by 
binders  may  be  a  crucial  factor  for  the  dissolution  of  Mn2+  ions 
because  the  ionic  conductivity  of  the  polymeric  binder  film  is  much 
lower  (ca.  10-8  S  cm'1  [28,53])  than  that  in  liquid  electrolytes  (ca. 
10'2-10-3  S  cm-1  [54-57]).  Thus,  from  the  viewpoint  of  ionic 
conduction,  the  binder  film  can  serve  as  a  passivation  layer  for  the 
movement  of  Mn2+  ions  from  the  LMO  surface  to  the  electrolyte. 


In  order  to  investigate  the  coverage  of  the  LMO  surface  by  the 
binder,  the  XPS  measurement  of  the  pristine  LMO  electrodes  was 
performed,  and  the  Mn  2p  spectra  are  displayed  in  Fig.  2.  The  peak 
intensities  are  quantitatively  proportional  to  bare  Mn  atoms  that 
are  not  covered  by  the  binders,  and  directly  exposed  to  the  elec¬ 
trolyte  solution.  Compared  to  the  PAA-  or  PVdF-LMO  electrodes,  the 
PVA-  and  PAN-LMO  electrodes  exhibit  much  reduced  peak  in¬ 
tensities.  It  seems  that  PAN  and  PVA  interacting  strongly  with  LMO 
active  materials  cover  a  broader  surface  of  the  LMO  compared  with 
the  PAA  and  PVdF  binder.  In  particular,  strong  hydrogen  bonds 
between  numerous  hydroxyl  groups  in  PVA  and  functional  groups 
on  the  LMO  surface  result  in  a  large  amount  of  binder  to  be  placed 
on  the  LMO  surface  as  shown  in  Fig.  2.  Note  that  the  order  in  the  Mn 
2p  peak  intensity  (PVA  <  PAN  <  PAA  ~  PVdF)  is  consistent  with  the 
order  of  the  Mn  dissolution  in  Table  1.  This  implies  that  higher 
binder  coverage  leads  to  lower  Mn  dissolution  in  LMO  electrodes, 
confirming  the  role  of  the  binder  film  as  a  passivation  layer  for  Mn 
dissolution.  This  explains  why  PVA  is  so  effective  in  suppressing  the 
Mn  dissolution  despite  its  high  HF  content,  and  why  PAA  exhibits 
severe  Mn  dissolution  in  spite  of  its  possible  ionic  interactions  with 
Mn2+  ions.  Although  the  roles  of  HF  content  and  chemical  inter¬ 
action  with  Mn2+  ions  cannot  be  totally  ignored,  all  the  evidences 
revealed  so  far  equivocally  support  that  Mn  dissolution  is  mainly 
suppressed  by  binder  layer  on  the  LMO  surface. 

3.3.  Adhesion  strength  and  electrolyte  uptake  ratio 

The  adhesion  strength  of  LMO  electrodes  and  the  electrolyte 
uptake  ratio  of  binder  films  were  compared  (Table  2).  PVA-LMO 
shows  extremely  high  adhesion  strength  compared  with  the 
other  electrodes,  which  is  in  line  with  its  high  surface  coverage  on 
the  LMO  surface  (Fig.  2).  The  adhesion  strength  of  PAN-LMO  is 
similar  to  that  of  PVdF-LMO.  The  adhesion  property  of  PAN  is  much 
lower  than  that  of  PVA,  however  their  surface  coverages  are  similar 
to  each  other.  Since  the  adhesion  is  mainly  determined  by  the 
interaction  force  between  functional  groups  in  the  binder  and 
aluminum  current  collector,  this  can  be  ascribed  to  much  higher 
interaction  of  hydroxyl  groups  in  PVA  with  the  current  collector 
compared  with  nitrile  groups  in  PAN.  PAA-LMO  exhibits  the  lowest 
adhesion  strength  among  the  tested  electrodes,  which  explains  the 
low  surface  coverage  of  PAA  as  well  as  the  low  interaction  of  PAA 
with  the  current  collector. 

Besides  the  adhesion  property,  the  electrolyte  uptake  behavior 
of  the  binder  is  an  important  factor  for  LIB  performance.  High 
electrolyte  uptake  by  the  binder  promotes  ion  transport  within  the 
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Fig.  2.  Mn  2p  XPS  spectra  for  pristine  LMO  electrodes. 
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Table  2 

Adhesion  strength  of  LMO  electrodes  and  electrolyte  uptake  ratio  of  binder  films. 


Binder 

Adhesion  strength  (gf  cm  a) 

Electrolyte  uptake  (%) 

PAA 

6.4 

1.62 

PAN 

12.5 

9.65 

PVA 

800.0 

3.99 

PVdF 

14.0 

19.29 

composite  electrode.  In  contrast,  excess  electrolyte  uptake  may 
weaken  the  adhesion  capability  of  the  binder,  exacerbating  prob¬ 
lems  with  the  mechanical  integrity  of  electrodes  [58,59  .  Therefore, 
the  optimum  electrolyte  uptake  would  secure  both  facile  charge 
transport  and  mechanical  stability,  although  the  optimum  value  is 
still  debatable.  The  electrolyte  uptake  ratio  of  a  typical  PVdF  binder 
is  known  to  be  in  the  range  of  20-30  wt.%,  which  is  in  good 
agreement  with  our  result  shown  in  fable  2.  The  order  of  the 
electrolyte  uptake  ratio  is  as  follows:  PVdF  >  PAN  >  PVA  >  PAA.  This 
suggests  that  PVdF  and  PAN  may  show  superior  rate  capability  to 
PAA  and  PVA,  which  is  examined  in  the  next  section. 

3.4.  Binder  effects  on  LMO  cell  performances 

In  Fig.  3,  the  charge/discharge  behaviors  and  rate  capabilities  of 
the  LMO/Li  cells  are  compared.  It  is  clear  that  the  binder  greatly 
affects  the  electrochemical  performances  of  LMO  cells.  PAA-  and 
PVA-LMO  cells  show  relatively  short  constant  current  charge  and 
long  constant  voltage  charge  behaviors,  and  suffer  from  a  large  IR 
drop  and  activation  overpotential  compared  with  the  PVdF-LMO 
cell  (Fig.  3a).  The  PAN-LMO  cell  shows  the  smallest  overpotential 
during  the  charge/discharge  process  among  the  tested  cells.  In 
addition,  the  0.2C  discharge  capacity  of  the  PAN  cell  (92.5  mAh  g_1) 


is  higher  than  those  of  the  other  cells  (91.3  mAh  g'1  for  PVdF, 
81.7  mAh  g_1  for  PAA,  and  69.7  mAh  g-1  for  PVA).  Accordingly,  the 
PAN-LMO  cell  exhibits  superior  rate  capabilities  compared  to  the 
others  (Fig.  3b).  The  2C  discharge  capacities  (Che)  of  the  PAN-LMO 
cell  are  only  3.7  less  than  the  0.2C  capacities  (Qo.2c),  which  indicates 
facile  kinetics  in  the  PAN-LMO  cell.  On  the  contrary,  the  PVdF-,  PAA- 
and  PVA-LMO  cells  show  relatively  large  capacity  drops  in  Che 
(8.7%,  22.1%,  and  52.8%,  respectively).  One  of  the  reasons  for  the 
inferior  kinetics  of  the  PAA-  and  PVA-LMO  can  be  legitimately 
ascribed  to  the  relatively  low  electrolyte  uptake  of  PAA  and  PVA 
binders  (  ^able  2).  In  addition,  excess  coverage  of  the  PVA  binder  on 
the  active  surface  LMO,  as  demonstrated  by  XPS  analysis  (Fig.  2), 
seems  to  be  partly  responsible  for  the  poor  rate  capability  of  PVA- 
LMO.  The  decreased  discharge  capacity  and  sluggish  kinetics  of  PAA 
were  also  observed  in  a  previous  report,  where  the  poor  perfor¬ 
mances  were  ascribed  to  incomplete  wetting  with  electrolyte  [23]. 
The  inferior  discharge  behavior  of  PAA-LMO  was  maintained  even 
during  the  subsequent  cycles  (not  shown  here),  which  excluded  the 
possibility  of  improper  wetting  problems  in  PAA-LMO. 

The  effects  of  binders  on  the  cyclic  performances  were  exam¬ 
ined  for  LMO/graphite  cells  at  both  25  °C  and  60  °C  (Fig.  4). 
Regardless  of  the  temperature,  the  cyclability  of  the  cells  is  in  the 
following  order:  PAN  >  PAA  >  PVdF  >  PVA.  Note  that  the  PAN  binder 
exhibits  the  highest  cyclic  capacity  at  the  300th  cycle  among  the 
four  different  binders:  89.2  mAh  g-1  at  25  °C  and  37.2  mAh  g-1  at 
60  °C.  The  PAA-LMO  electrodes  exhibit  slightly  lower  cyclic  ca¬ 
pacities  (84.1  mAh  g-1  at  25  °C  and  30.0  mAh  g-1  at  60  °C)  than  the 
PAN-LMO  electrodes.  It  may  be  due  to  a  relatively  low  HF  concen¬ 
tration  of  the  PAA-LMO  when  compared  to  the  PVdF-  and  PVA-LMO 
electrodes  (Table  1).  Nevertheless,  the  PAA-LMO  cells  show  much 
smaller  initial  capacities  than  the  PAN-LMO  cells,  which  is  consis¬ 
tent  with  the  previous  results  of  initial  capacity  and  rate  capability 


t - 1 - 1 - ' - 1 - 1 - r 


PAA  PAN  PVA  PVdF 


Fig.  3.  (a)  0.2C  charge  and  discharge  profiles  and  (b)  discharge  capacities  at  0.2C  (Qo.2c)  and  2C  (Che)  of  LMO/Li  cells.  The  ratio  of  reduced  capacity  (=(Qo.2c  -  O2c)/Oo.2c*100)  is  also 
shown  to  represent  rate  capability  in  Fig.  3b. 


Cycle 


Fig.  4.  Cyclic  performances  of  LMO/graphite  cells  (a)  at  25  °C  and  (b)  at  60  °C. 
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tests  (Fig.  3).  Again,  the  PVA-LMO  exhibits  the  worst  cycle  perfor¬ 
mance.  At  25  °C  cycle,  PVA  shows  quite  low  initial  capacity  but  the 
cyclability  is  stabilized  after  50th  cycle,  which  can  be  explained  by 
the  excess  coverage  of  PVA  on  the  LMO  surface  acting  as  a  resistive 
and  protective  layer.  In  our  previous  study  [60],  high  surface 
coverage  of  the  binder  significantly  decreased  the  electrochemical 
performance  of  LLfTisO^  even  though  it  improved  the  adhesion 
strength  of  the  electrode.  On  the  other  hand,  the  kinetic  hindrance 
imposed  by  excess  binder  coverage  is  supposed  to  be  mitigated  at 
60  °C,  and  PVA  exhibits  high  initial  capacity  comparable  to  the 
other  binders.  In  this  case,  the  high  HF  content  generated  from  the 
PVA-LMO  ( Table  1 )  may  be  a  main  reason  for  its  poor  cyclability.  In 
other  words,  even  though  the  effective  surface  coverage  by  PVA 
suppresses  the  Mn  dissolution  of  the  LMO  cathode,  the  high  HF 
concentration  seems  to  accelerate  degradation  of  the  graphite 
anode  during  cycle  testing  [9].  Indeed,  it  is  noted  that  the  cyclability 
order  is  in  agreement  with  the  order  of  HF  concentration. 

To  better  understand  the  role  of  the  binder  on  the  thermal 
stability  of  the  LMO  electrode,  electrochemical  impedance  mea¬ 
surements  were  performed  for  LMO/Li  cells  before  and  after  60  °C 
24  h  storage  (Fig.  5).  Each  impedance  spectrum  exhibits  two  semi¬ 
circles  in  the  high  and  middle  frequency  regions  and  an  inclined 
line  at  the  low  frequency  end.  The  impedance  spectra  are  fitted 
with  an  equivalent  circuit  (Fig.  6),  where  Rs  is  the  ohmic  resistance, 
i?i  the  resistance  related  to  migration  of  the  Li+  ion  through  the 
surface  film  or  due  to  the  contact  between  the  aluminum  current 
collector  and  the  active  electrode  composite  [61,62],  and  R2  the 
charge  transfer  resistance  at  the  electrode/electrolyte  interface.  The 
capacitances  associated  with  R\  and  R2  are  represented  by  the 
constant  phase  elements  (CPEs),  Qi  and  Q2,  respectively.  The  finite 
diffusion  by  a  CPE,  Qd,  is  used  to  replace  a  Warberg  element  to  fit 
the  inclined  line  at  the  lowest  frequency  region  [63,64].  The  fitted 
values  of  R 1  and  R2  are  compared  in  Fig.  7. 

After  storage  at  60  °C,  all  the  cells  except  the  PAA-LMO  show  a 
considerable  increase  in  the  overall  impedance,  which  is  mainly 
driven  by  R2.  The  order  of  R2  after  the  60  °C  storage 
(PAN  <  PAA  <  PVdF  <  PVA)  is  the  same  as  that  of  the  60  °C  cycle 
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Fig.  6.  Equivalent  circuit  for  fitting  of  impedance  spectra  of  LMO/Li  cells  in  Fig.  5. 


performances  (Fig.  4b).  It  is  noted  that  the  PAN-LMO  exhibits  the 
smallest  values  of  R\  and  R2  both  before  and  after  the  60  °C  storage. 
PAN-LMO  demonstrates  excellent  interfacial  kinetics  and  thermal 
stability,  which  is  consistent  with  its  superior  cell  performances 
(Figs.  3  and  4).  On  the  contrary,  the  PVA-LMO  suffers  from  huge 
impedance  build-up  after  storage,  which  is  consistent  with  its  poor 
cell  performance.  One  possible  explanation  for  the  large  impedance 
increase  is  that  excess  PVA  coverage  tends  to  detain  dissolved  Mn 
species,  and  thus  facilitating  the  precipitation  of  resistive  Mn 
compounds  (Mn-F,  Mn-0  species)  on  the  LMO  surface  [65  .  The 
impedance  of  the  PAA-LMO  is  slightly  decreased  after  storage,  a 
phenomenon  for  which  a  clear  explanation  is  not  available  at  the 
moment.  It  might  be  due  to  rearrangement  of  PAA  binder  in  the 
composite  electrode  during  storage.  The  reduced  impedance  of  the 
PAA-LMO  in  storage  may  be  related  to  its  rather  good  cyclability  at 
60  °C  (Fig.  4b). 

In  brief,  PAN  is  revealed  to  be  an  outstanding  binder  for  LMO 
electrodes  considering  its  excellent  rate  capability,  superior  cycle 
performance,  and  high  thermal  stability  in  comparison  with  the 
other  three  binders.  In  this  study,  the  beneficial  effects  of  PAN  are 
highlighted  only  for  LMO  electrodes,  but  there  will  be  every  pos¬ 
sibility  that  PAN  can  also  improve  other  systems  such  as  Ni-rich  and 
high-voltage  cathode  materials,  some  of  which  are  currently  being 
investigated  by  our  group.  Since  the  molecular  weight  of  polymer 
plays  an  important  rule  for  the  binder  [30,52,58,60],  further  study 
on  the  effect  of  the  molecular  weight  of  PAN  binder  on  the  LMO 
electrode  is  also  interesting. 


4.  Conclusions 

The  Mn  dissolution  of  LMO  electrodes  is  strongly  dependent 
upon  polymeric  binders  in  the  electrodes.  The  binder  film  on  the 
surface  of  LMO  plays  a  role  in  the  passivation  layer  for  Mn  disso¬ 
lution  so  that  PVA  and  PAN  binders  covering  the  LMO  surface 
suppress  Mn  dissolution,  compared  to  PAA  and  PVdF  binders.  The 
PVA  binder,  however,  suffers  from  low  electrolyte  uptake  and 
excess  surface  coverage,  leading  to  poor  rate  performance.  More¬ 
over,  severe  HF  formation  is  probably  associated  with  numerous 
hydroxyl  groups  in  PVA,  which  results  in  inferior  cyclability  and 
large  impedance  increases  at  60  °C  storage.  On  the  other  hand,  the 
PAN  exhibits  appropriate  electrolyte  uptake  and  extremely  low 
impedance  at  both  regardless  of  temperature.  This  contributes  to 
the  highest  initial  and  cyclic  capacities  at  25  °C  and  60  °C,  which 
contributes  to  superior  rate  capability,  cyclability  and  thermal 


S.  Lee  et  al.  /  Journal  of  Power  Sources  269  (2014)  418-423 


423 


Fig.  7.  Fitted  values  of  Ri  and  R2  for  LMO/Li  cells. 


stability  of  the  LMO  electrode  containing  the  PAN  binder.  Conse¬ 
quently,  the  PAN  is  revealed  to  be  an  outstanding  binder  for  LMO 
electrodes. 
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